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ABSTRACT: Trehalose is a natural glucose-derived disaccharide found in the cell 1 "
wall of mycobacteria. It enters the mycobacterial cell through a highly specific N\ 2
trehalose transporter system. Subsequently, trehalose is equipped with mycolic acid Cyl
species and is incorporated into the cell wall as trehalose monomycolate or 0 —
dimycolate. Here, we investigate the phototoxicity of several photosensitizer

trehalose conjugates and take advantage of the promiscuity of the extracellular

Ag8S complex, which catalyzes the attachment of mycolic acids to trehalose and its

analogues. We find that processing by Ag85 enriches and tethers photosensitizer

trehalose conjugates directly into the mycomembrane. Irradiation of the conjugates

triggers singlet oxygen formation, killing mycobacterial cells more efhiciently, as

compared to photosensitizers without trehalose conjugation. The conjugates are

potent antimycobacterial agents that are, per se, affected neither by permeability mycobacterium
issues nor by detoxification mechanisms via drug efflux. They could serve as

interesting scaffolds for photodynamic therapy of mycobacterial infections.

e
=

B INTRODUCTION recent years, several groups have reported on trehalose—
fluorophore conjugates or trehalose-derived positron emission
tomography (PET) probes. These are useful tools in
diagnostics for imaging and detection of live mycobacteria in
vitro, in human macrog)hages and in sputum samples from TB
patients (Figure 1).°”” The nonmammalian disaccharide
trehalose is essential for mycobacteria and is found in the
outer portion of the mycobacterial cell envelope as part of the
two major glycolipids trehalose dimycolate (TDM) and
trehalose monomycolate (TMM)."" The extracellular Ag85
protein complex catalyzes the reversible transesterification
reaction between two units of TMM, generating TDM and free
trehalose (Figure 1). Additionally, it catalyzes the transfer of
mycolic acids from TMM to arabinose motifs in the cell wall
arabinogalactan.'' Ag8S consists of three secreted enzymes
Ag85A, Ag85B, and Ag85C. While a deletion of the gene
encoding Ag85C does not affect the production of TDM, the
silencing of the genes encoding Ag85A and Ag8SB leads to a

Permeability barriers, off-target binding, upcoming resistance,
and the cellular detoxification machinery often lead to early
failure in drug development processes.' > The development of
novel antimycobacterial agents, effective against, e.g., Myco-
bacterium tuberculosis (M. tuberculosis), the cause of the
infectious disease tuberculosis (TB), suffers from the excep-
tionally restrictive permeability of the cell wall of the bacilli.
Additionally, active drug export via efflux pumps, upregulated
upon the sensing of an unwanted molecule, is potentially
reducing drug potency. Strategies to overcome these issues are
therefore in high demand and call for the advancement of new
assay formats in drug screening and the rational design of
molecules to potentially overcome these hurdles. The goal of
this study was to develop a potent antimycobacterial agent that
is, per se, affected neither by permeability issues nor by
detoxification mechanisms via drug efflux. Permeability barriers
can be overcome by potent toxic compounds that do not act
from within the cell and, hence, have no need to pass through
the membranes. Likewise, drug efflux is not an issue if the Received: December 23, 2018
active agent is covalently linked to cellular constituents. In Published: March 27, 2019
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Figure 1. Trehalose and its analogues. (A) Chemical structures of naturally occurring trehalose and published analogues applied in mycobacterial
research. (B) Schematic representation of the trehalose uptake/reuptake pathway and its incorporation into the mycomembrane as trehalose
dimycolate (TDM) or trehalose monomycolate (TMM).”
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Figure 2. Structures of trehalose-tethered photosensitizers 9—16 and the precursor molecules 1—6. The red circle highlights the toxic warhead of
the conjugate and the blue circle the targeting moiety.
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Table 1. Minimal Inhibitory Concentrations (M) of Compounds against M. smegmatis and M. abscessus and Ability To
Generate Singlet Oxygen after Irradiation with a High-Pressure Sodium Light Source”

MIC (uM)

M. smegmatis mc?155

M. abscessus subsp. abscessus

singlet oxygen generationb

no irradiation

PPIX (1) 0.5 >200
MA-PP (3) n.d. >200
-BODIPY (4) 1.1 >200
TP-BODIPY (5) 0.1 >200
MB (6) 1 50
6AT (7) nd. >200
6AT-PPIX (9) nd. >200
2AT-PPIX (10) 0.6 >200
2AT2AT-PPIX (11) 1.0 >200
6AT-M-PPIX (12) nd. >200
6AT-MA-PD (13) nd. >200
6AT-TP-BODIPY (14) 0.6 S0
6AT-MB (15) nd. 200
6AT-I-BODIPY (16) 1.6 200
rifampicin n.d. 25
$Q109 nd. 100
ciprofloxacin n.d. 0.21
amikacin n.d. 0.59

590 nm irradiation no irradiation 590 nm irradiation

>200 >200 0.26
>200 n.d. n.d.
6.3 >200 4.2
25 >200 33
6.3 n.d. n.d.
>200 n.d. n.d.
>200 n.d. n.d.
>200 >200 3.1
3.1 >200 33
>200 n.d. n.d.
>200 n.d. n.d.
0.78 >200 0.52
25 n.d. n.d.
1.6 >200 0.78
25 n.d. n.d.
100 13 13
021 n.d. n.d.
0.59 3.1 3.1

“MICs were determined by resazurin microtiter assay. Analysis was performed in duplicates and repeated at least in two independent experiments.
Visual MIC was defined as the lowest concentration of drug that prevented a color change (blue/resazurin to pink/resorufin). bRelative to
methylene blue (fluorescence quantification of singlet oxygen sensor green, see main text and the Supporting Information). “n.d.: not determined.

decreased synthesis of this lipid.'”' Interestingly, Ag85 has a
large substrate promiscuity, accepting modifications on the
trehalose molecule during transesterification reaction. The
resulting modified trehalose esters can be subsequently
incorporated into the mycobacterial cell wall.®™" Ag85
expression is essential for survival of M. tuberculosis within
macrophage-like cell line models, and its homologues have
been found in a variety of other mycobacterial species such as
Mycobacterium smegmatis (M. smegmatis), Mycobacterium
abscessus (M. abscessus), and Mycobacterium bovis (M. bovis).®
Trehalose mycolates are unique to the phylum Actinobacteria
and are completely absent from human metabolism, making
Ag8S an attractive drug target. Importantly, it is (I) localized
extracellularly and (II) able to utilize modified substrate
analogues. In the past, several groups have published reports
on the covalent inhibition of Ag85 targeting the catalytic triad
in the active site with activity-based probes'*™"” or a reactive
cysteine residue close to the substrate binding pocket.'®
Rather than designing a classical enzyme inhibitor, we
decided to use Ag8S for the incorporation of photosensitizers
in the form of modified mycobacterial lipids into the
mycomembrane. Such molecules are toxic due to the
generation of singlet oxygen only during irradiation, which
activates the killing agent in a localized and time-dependent
fashion. Singlet oxygen release has been reported to be favored
in lipid environments such as membranes, which is an
additional advantage of this approach.'” While photodynamic
therapy has been proposed previously as an efficient approach
to treat multi-drug-resistant TB, there are no study re?}_)orts on
the development of any specific compound to date.””"** As
photosensitizer warheads, we investigate porphyrin derivatives,
which are well-established in the photodynamic therapy of
several cancers, such as lung or skin cancer. 3 Furthermore, we
explore the toxicity of BODIPY dyes'**** irradiated with a
high-pressure sodium lamp and also that of methylene blue,”® a
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well-studied photosensitizer for treatment of basal cell
carcinoma, Kaposi’s sarcoma, melanoma, and viral and fungal
infections. Herein, we provide synthetic strategies to obtain
several trehalose—photosensitizer conjugates and report their
bactericidal activities against mycobacteria.

B RESULTS AND DISCUSSION

To explore the potential of photosensitizer trehalose as
antibacterial agents, we designed a set of diverse compounds.
This strategy enabled the evaluation of the efficacy of several
sensitizers 1—6%>° coupled to different modified trehalose
analogues (6-amino trehalose (7)*” or 2-amino-7-methyl-
trehalose (8),° see the Supporting Information), following a
rapid peptide-coupling protocol. Together, these synthetic
routes allowed ready access to several trehalose analogues 9—
16 (Figure 2) for comparison of their toxicity against
mycobacteria upon irradiation.

Trehalose conjugates were analyzed regarding their photo-
toxicity against M. smegmatis and M. abscessus in a resazurin
microtiter assay, and activity was compared to the non-
conjugated photosensitizers. M. smegmatis is a saprophyte and
a well-established model organism in mycobacterial research,
while M. abscessus is a relevant mammalian pathogen. For
phototoxicity assays, cells were grown in 96-well plates and
incubated with the compound of interest for 24 h to allow for
efficient incorporation of the trehalose-coupled photosensi-
tizers.” Subsequently, the plate was irradiated with a high-
pressure sodium lamp (10 mW/cm? $550—650 nm broad
emission peak”® to allow efficient activation of the diverse set
of compounds). In a prescreening effort, we determined an
optimal irradiation time of 15—30 min for efficient killing of M.
smegmatis, and consequently in the following assays, we
irradiated the assay plates for 30 min (see Figure S1 for
irradiation time-dependent killing curves). Control plates were
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Figure 3. Ability of trehalose-tethered photosensitizers to kill M. smegmatis after irradiation with a high-pressure sodium lamp. Free uncoupled
photosensitizers I-BODIPY (4) and PPIX (1) show less or no activity against M. smegmatis, while the corresponding trehalose-coupled analogues
6AT-I-BODIPY (16) and 2AT2AT-PPIX (11) are potent cytotoxic agents in the presence of light. (A) Cell viability as a function of compound
concentration (logarithmic scale), as determined by resazurin-reduction assay. Data obtained from three independent experiments. Error bar
indicates +SEM. Control compound is rifampicin (blue line). (B) Images of the resazurin-reduction assay in 96-well plate format. Two lanes of
wells represent duplicates. Blue indicates cell death or no cells; pink indicates cell survival.

kept in the dark. As positive controls, the anti-TB drugs
rifampicin, ciprofloxacin, and amikacin, as well as a drug in
clinical development SQ109,”” were used. The measured
minimal inhibitory concentrations (MICs) are summarized in
Table 1.

Compounds 9, 10, 12, and 13 did not inhibit growth of M.
smegmatis under the tested conditions, even upon irradiation.
However, compounds 11, 14, 15, and 16 showed MICs in a
low yM range after irradiation. Despite 14, 15, and 16 being
slightly toxic already without irradiation, they showed a 60-, 8-,
and 120-fold increased toxicity upon irradiation, respectively.
In contrast 11 was nontoxic in the absence of light even at the
highest concentration tested (which is 200 M), resulting in an
increased toxicity of approximately 2 orders of magnitude upon
irradiation (Figure 3 and Table 1). The obtained MIC values
of these compounds are comparable with MICs from well-
known antimycobacterial agents such as ciprofloxacin or
amikacin. While for 11 the corresponding free protoporphyrin
IX (1) is nontoxic in both the presence and absence of light, a
different behavior is observed for the BODIPY-derived
photosensitizers: the unmodified BODIPY derivatives 4 and
5 exhibit increased cytotoxicity against M. smegmatis in the
presence of light. However, the trehalose conjugates 14 and 16
of these BODIPY derivatives are still significantly more
phototoxic (Figure 3 shows representative cell viability data
for compounds 4 and 16). Interestingly, methylene blue (6) is
already inhibiting growth of M. smegmatis, in both the presence
and absence of light, at lower concentrations as compared to its
trehalose conjugate 15 (Table 1). This observation points
toward a different mechanism of action, which deviates from
simple incorporation of the compound as a glycolipid into the
mycomembrane followed by singlet oxygen generation after
irradiation. Indeed, methylene blue is known to penetrate into
tubercle bacilli, and is often used as a counterstain in histology.
Hameed et al. showed that methylene blue causes energy-
dependent membrane perturbation and DNA damage in M.
smegmatis.”® Hence, it is possible that tethering methylene blue
to trehalose hinders the compound from entering cells and
consequently abolishes additional intracellular toxicity, as
described above.
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These results provide the first evidence that the attachment
of trehalose and its analogues generally has the potential to
significantly increase the activity of phototoxic compounds
against mycobacteria. Upon comparison of 4/16 and 5/14, the
coupling of I-BODIPY (4) or TP-BODIPY (5) to 6-amino-
trehalose (7) increases the potency of the resulting conjugates
16 and 14 by 4- and 30-fold. Coupling PPIX (1) to two
molecules of 2-amino-7-methyl-trehalose (8) leads to a 60-fold
increase in activity of the resulting molecule 11 (Table 1).
There are two potential reasons for this behavior: either
incorporation of 16, 14, and 11 into the mycomembrane is
efficiently taking place, thereby increasing the local concen-
tration of the photosensitizer and consequently also of singlet
oxygen, or singlet oxygen generation is influenced by the
presence of the trehalose moiety.

To better understand these observations, we investigated the
potential of these compounds to generate singlet oxygen upon
irradiation. We applied a commercial fluorescence-based assay,
in which the probe singlet oxygen sensor green (SOSG)®' is
incubated with the respective photosensitizers during irradi-
ation. SOSG selectively reacts with singlet oxygen, producing a
fluorescent product, which can be quantified following
excitation/emission at 504/525 nm (Figure S2). The observed
response was overall in agreement with our detected MIC
values, and Table 1 shows singlet oxygen release of our most
potent compounds and methylene blue (6) as reference. 6AT-
I-BODIPY (16) and 2AT2AT-PPIX (11) showed good
toxicity against M. smegmatis and likewise exhibited the most
intense signal in the SOSG assay, while the noncoupled
derivative I-BODIPY (4) and PPIX (1) displayed reduced
generation of singlet oxygen as compared to their parent
compound. Interestingly, 6AT-TP-BODIPY (14) showed only
minor singlet oxygen generation, yet signiﬁcant cytotoxicity,
indicating that singlet oxygen release is not the exclusive
mechanism of action of this molecule. Importantly, for all
compounds tested, we observed a difference in potency when
coupled to trehalose. Coupling to trehalose apparently
increased singlet oxygen release in the order of PPIX (1) <
2AT-PPIX (10) < 2AT2AT-PPIX (11), indicating that the
observed differences in MIC values are a result not only of
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Figure 4. Characterization of the trehalose conjugates. (A) Trehalose-coupled molecule 6AT-I-BODIPY (16) incorporates into cells of M.
smegmatis as indicated by the pink color of the cell pellet. Corresponding uncoupled molecule I-BODIPY (4) is not staining the cells. (B) Cells
were incubated with the molecules of interest, and after dual washings, cell lipids were extracted with chloroform/methanol. The isolated lipids
were resolved by TLC (chloroform/methanol/water 20:4:0.5) and stained with CuSO, to visualize lipid species. Visual inspection and fluorescence
imaging of the TLC plate revealed two fluorescent species 16-A and 16-B after incubation with 16 but not with 4. Two independent experiments
were performed, yielding similar results. (C) Cultures were labeled with '*C acetate in the presence of 16, and subsequently 16-A, TMM, and
TDM were isolated by preparative TLC (purified isolated fractions are shown, reference is total lipid profile, chloroform/methanol/water 20:4:0.5).
Saponification and TLC analysis of corresponding methyl esters revealed that 16-A consists of MAMEs (solvent: ethyl acetate/hexane 95:S, 3
runs). Two independent experiments were performed, yielding similar results. (D) Incorporation of 16 is not dependent on the trehalose
transporter substrate binding protein LpqY but on the acyltransferase Ag8S. Pretreatment of M. smegmatis with the Ag8S inhibitor Ebselen is
lowering incorporation of 16 into lipids to 60%, while silencing of IpqY is not significantly abrogating incorporation of 16 into the mycomembrane.
Quantification of 16 was done by fluorescence measurement of the isolated lipid extract at E /E,: 525/600 nm. Analysis was done in triplicates;
error bars indicate +SD. *** Analysis of variance (OriginPro2015), P < 0.001; n.s. not significant.

probe incorporation into the mycomembrane but also of the bound fatty and mycolic acids. Free fatty and mycolic acids
amount of singlet oxygen generated. were further derivatized to corresponding methyl esters and

Next, a series of experiments were performed to confirm that analyzed by TLC in n-hexane/ethyl acetate (95:S, 3 runs).
the compounds are incorporated into the mycomembrane as These analyses revealed that the strongly fluorescent spot 16-
trehalose mycolates. We focused our experiments on 6AT-I- A, like TMM and TDM, carries all forms of mycolic acids
BODIPY (16) and I-BODIPY (4), because of the ease of (alpha, alpha’, and epoxy) typical for M. smegmatis (Figure
probe detection; we made use of the fluorescence of the 4C). Repetition of the experiment using M. tuberculosis H37Ra
attached BODIPY dye. Cultures of M. smegmatis were validated the same mechanism of action in both species
incubated with compounds 16 and 4 for 6 h, and harvested, (Figure S4). Moreover, the simultaneous treatment of M.
and the cell pellets were washed twice to remove any tuberculosis H37Ra with compound 16 and isoniazid (INH)
nonspecifically bound compound. Importantly, cell pellets of led to the disappearance not only of TMM and TDM, but also
cultures treated with 16 were highly colored, whereas cells of the lipid 16-A. Isoniazid inhibits enoyl-ACP-reductase that
treated with DMSO or control compound 4 were noncolored participates in the synthesis of mycolic acids,”” thus confirming
(Figure 4A). These results already pointed toward a successful mycolic acid content of 16-A. To show that the Ag85 complex
incorporation of the trehalose conjugate. Subsequently, the is responsible for processing of the trehalose conjugates in
lipids were extracted with chloroform/methanol (1:2 and 2:1), mycobacteria, we pretreated cells of M. smegmatis with
washed as described by Folch,”” and resolved by thin-layer Ebselen, an experimental Ag8S5 complex inhibitor following
chromatography (TLC) in chloroform/methanol/water the protocol published by Kamariza et al.* Subsequently, cells
(20:4:0.5). TLC plates were analyzed visually as well as were treated with 16 or 4. After 6 h of incubation at 37 °C,
under fluorescent light and stained with CuSO, to visualize cells were washed twice to remove nonspecifically bound
lipid species (Figure 4B). Clearly, lipid samples from cells probe, and incorporation was assessed by quantifying

incubated with compound 16 displayed colorful spots with R¢ fluorescence of the attached BODIPY dye at 525/600 nm.
= 0.65 (16-A) and R; = 0.15 (16-B). While migration of 16-B Indeed, pretreatment leads to a 60% diminished incorporation

corresponds to the R¢ of compound 16 itself, the appearance of of compound 16 in the presence of 100 uM Ebselen, in
spot 16-A detectable by fluorescence and CuSO, staining accordance to literature values® (Figure 4D). This demon-
indicates processing of compound 16 by mycobacterial strates the requirement of a functional Ag85 complex for probe
enzyme(s). To validate this hypothesis, we performed a similar integration. Additionally, we constructed a CRISPRi mutant,
experiment treating M. smegmatis cells with compound 16 in downregulating IpqY (observed suppression level of $0% under
the presence of '*C acetate, a metabolic label, added to the the applied conditions, Figure SS), an essential component of
culture 16 h after the tested compound. TLC analysis of the trehalose reuptake ABC transporter’* and found that
extracted lipids revealed the production of a labeled lipid, incorporation of 16 does not primarily rely on the intracellular
migrating with the same R¢ as 16-A, in the cells treated with trehalose metabolism (Figures 1 and 4). This finding is
compound 16, but not in the control cells treated with DMSO consistent with the proposed synthesis of TDM occurring at
only (Figure S3). This lipid, as well as natural TMM and TDM the outer site of the plasma membrane and the localization of
from the same sample of '*C-labeled lipids, was isolated by Ag85 complex enzymes in this space.
preparative TLC and incubated overnight with 15% To further investigate the general applicability of the
tetrabutylammonium hydroxide (TBAH) at 100 °C to release photosensitizer trehalose conjugates, we tested the most
648 DOI: 10.1021/acscentsci.8000962
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promising derivatives also in M. abscessus.”>*® M. abscessus

belongs to the group of nontuberculous mycobacteria and is a
rapidly growing multi-drug-resistant bacillus, responsible for a
wide spectrum of skin and soft tissue diseases but also
pulmonary or central nervous system infections, mostly in
immunocompromised individuals.”” The incidence and prev-
alence of these infections have been increasing worldwide.
Consequently, nontuberculous mycobacteria are also recog-
nized as important human pathogens that contribute to an
emerging public health problem.”” Severe infections have been
reported in association with acupuncture treatments, meso-
therapy, or liposuction procedures caused by M. abscessus or
Mycobacterium chelonae (M. chelonae). Considering that our
conjugates need activation by light, they are potential
candidates for the treatment of dermal lesions. Since the
Ag85 complex is uniformly present in all mycobacterial species,
we hypothesized that incorporation of these compounds in
general is very likely and that they will be comparably potent in
M. abscessus. MIC values of the tested compounds are
summarized in Table 1. All tested compounds were nontoxic
in the absence of light up to the highest concentration tested
(200 yM). Compounds 14 and 16 were potent in killing M.
abscessus with an MIC value of 0.52 and 0.78 M, respectively,
after light activation. The observed MICs are comparable with
literature values from currently applied drugs in therapy such
as amikacin, kanamycin, or apramycin (MIC= 3, 2, and 0.9
UM, respectively).’®”” Furthermore, the values obtained for 14
as well as 16, and the respective nonconjugated photo-
sensitizers 4 and §, are in firm agreement with the observations
made for M. smegmatis, indicating the same mechanism of
action in both species. In contrast, 11 was significantly less
active than 1 and also 10; we find that attachment of trehalose
reduces the phototoxicity of PPIX (1) in the presence of light
from 0.26 to 3.1 uM (10) and 33 uM (11), respectively. This
finding points toward an intrinsic sensitivity of M. abscessus
toward PPIX (1) after light irradiation, as compared to M.
smegmatis, indicating a distinct mode of action in this species.
Further studies are needed to investigate this interesting
phenomenon. PPIX (1) is genuinely used in clinical settings as
a photosensitizer, making this molecule an interesting
candidate for further testing against clinical isolates of M.
abscessus, as well as compounds 14 and 16, which were equally
potent. Furthermore, we assessed cytotoxicity of our most
active conjugates against mammalian cells (no photoactivation,
see Figures S6 and S7) and found significantly high apparent
ICy, values of 28 + 3.9 uM (16) and 61 + 6.6 uM (14),
opening a potential window for localized treatment of
photosensitizer-enriched mycobacteria. Trehalose conjugation
thus appears to be a highly promising strategy to increase both
the activity and selectivity of photosensitizers.

B CONCLUSION

We have demonstrated that phototoxic molecules such as 14
or 16 could be promising candidates for the targeted treatment
of mycobacterial infections and for further development into
sterilizing antimycobacterial agents. The unique mechanism is
based on the recognition of these molecules by mycobacterial
Ag85 complex catalyzing their esterification with mycolic acids.
The incorporation of the resulting lipids into the mycomem-
brane and subsequent generation of singlet oxygen by
irradiation renders the molecules less susceptible to potential
detoxification via drug efflux pumps. Moreover, the myco-
bacterial inner membrane, which is a recognized permeation
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barrier, does not need to be crossed by our conjugates, since
Ag85 complex enzymes act at the outer side of the plasma
membrane. In summary, our study indicates that trehalose
conjugates of photosensitizers represent an exciting new class
of antimycobacterial agents that warrant further development.
For methods, please refer to the Supporting Information.
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